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Using electrical transport experiments and shot noise thermometry, we investigate electron-phonon
heat transfer rate in a suspended bilayer graphene. Contrary to monolayer graphene with heat flow
via three-body supercollision scattering, we find that regular electron - optical phonon scattering
in bilayer graphene provides the dominant scattering process at electron energies & 0.15 eV. We
determine the strength of these intrinsic heat flow processes of bilayer graphene and find good
agreement with theoretical estimates when both zone edge and zone center optical phonons are
taken into account.
Electron-phonon coupling has been investigated exten-
sively in monolayer graphene (MLG), both theoretically
[1–6] and empirically in quantum transport experiments
[7–10]. The weak coupling between acoustic phonons and
electrons limits electronic cooling, and and as a result
extrinsic processes (“supercollisions”) take over in typi-
cal samples [8, 11], even in suspended ones [10]. In su-
percollisions, the restrictions in energy transfer by single
acoustic phonon scattering [6] are circumvented via three
body collisions, where disorder facilitates for the partici-
pation of phonons with a larger momentum in the scat-
tering process. Understanding the scattering processes in
monolayer and bilayer graphene is important for design-
ing high-quality graphene transistors, in which the mo-
bility at large bias will be limited by the scattering from
optical phonons in the absence of extrinsic processes.
Except for the small energies [12], the electronic band
structure of bilayer graphene (BLG) is quite different
from the monolayer (MLG): instead of massless Dirac
fermions, the bilayer has massive particles as charge car-
riers. This results to a larger density of states (DOS) of
the electrons: the ratio of DOS at energy E is given by
γ1/|E|, where γ1 ≈ 0.4 eV corresponds to hopping be-
tween the two layers in bilayer graphene [13]; the differ-
ence can be further amplified by velocity renormalization
effects in MLG [14]. In addition to increasing the gen-
eral electron-phonon heat flow in bilayer as compared to
monolayer, these differences also turn out to contribute
toward increasing the relative importance of scattering
from optical phonons in bilayer graphene.
In this work, we have employed shot noise thermom-
etry and conductance measurements to determine the
electron-phonon coupling in high-quality, suspended bi-
layer graphene at large bias voltages. We demonstrate
that in bilayers we can reach the intrinsic behavior at
high bias, and that the electron-phonon scattering is gov-
erned by optical phonons. At bias voltages corresponding
to electronic temperatures > 300 K, we find strong en-
hancement of the electron phonon coupling due to opti-
cal phonons which results in a typical thermal activation
-type of growth of the heat flow (cf. Fig. 1). The mag-
nitude of the power flow can be well accounted for by
Figure 1. Theoretical estimates for the power density from
electrons to phonons in bilayer graphene as a function of elec-
tronic temperature Te (for n = 1011 cm−2 and Tph = 0), due
to different phonon scattering processes. Acoustic and optical
ZC phonon results are from Eqs. (21) and (30) in Ref. 4, as-
suming gauge potential D2 = ~vFβ/(2a) ≈ 7 eV and screened
deformation potential [15] D1(q = kF ) = 0.6 eV. Supercolli-
sion and ZE estimates are as from Eqs. (3),(4) below.
the existing theories for a bilayer when long wave length
longitudinal (LO) and transverse (TO) optical modes
around zone center (ZC, Γ-point) are taken into account
with additional contributions from zone edge modes (ZE,
K-point). In the regime of optical phonon scattering, only
a weak dependence on chemical potential is observed,
consistent with theory [3, 4].
Several different phonon scattering processes are ex-
pected to contribute to the transfer of heat from the
charge carriers, ie. electrons or holes, to the lattice in
BLG. First, estimate for the effect of collisions with
acoustic phonons can be characterized by a power law
P = Σ(T δe − T δph), where Te is the electron tempera-
ture, Tph the phonon temperature, Σ the coupling con-
stant and δ a characteristic exponent [16]. The maxi-
mum change of momentum at the Fermi level is twice
the Fermi momentum 2kF , which corresponds to phonon
energy ~ω2kF . This energy defines a characteristic tem-
perature, the Bloch-Grüneisen temperature, kBTBG =
~ω2kF ≈ 18 K×
√
n/1011 cm−2, above which only a frac-
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2tion of acoustic phonons are available for scattering with
electrons in the thermal window. Our bilayer graphene
experiments have been conducted near the Dirac point
at charge densities n < 0.1−3.4 ·1011 cm−2, which corre-
sponds to TBG < 34 K for longitudinal acoustic phonons.
Using the Kapitza resistance from Ref. 17, we find that all
our high-bias results have been measured in the regime of
T > TBG, where the scattering of electrons from acous-
tic phonons leads to δ = 1 or δ = 2, depending whether
kBTe << µ or kBTe > µ, respectively [4]. Here µ denotes
the chemical potential.
The power density to the zone center (ZC) longitu-
dinal and transverse optical modes in BLG, which have
energies ΩZC ≈ 0.2 eV, can be estimated as [4]
P
(ZC)
e−op =
18AΩ3ZC(γ
′
0)
2~
pi(~v0)4ρ
γ1
ΩZC
[ne(ΩZC)−nop(ΩZC)]G(µ, Te).
(1)
Here, A is the sheet area, γ′0 = 42 eV/nm [18], ρ =
4MCN/A, v0 ≈ 106 m/s, and ne(ΩZC) and nop(ΩZC) are
Bose distribution functions evaluated at temperatures Te
and Tph. Finally,
G(µ, Te) =
∫ ∞
−∞
1
4
(|x|+|x−1|)[f(ΩZC(x−1))−f(ΩZCx)]dx ,
(2)
describes the dependence on the chemical potential. We
assume that the coupling between optical and acoustic
phonons is not limiting the energy flow [19, 20], and con-
sider the optical phonon temperature Tph as a constant.
Intervalley scattering by zone edge (ZE) optical
phonons also contributes to the heat current. In MLG,
the ZE point optical modes dominate over ZC phonons
in resistance [21, 22]. The results of Ref. [21] indicate∑〈M2ZE,j〉/∑〈M2ZC,j〉 = ΩZC/ΩZE ≈ 1.3 for the ratio
of the angle-averaged squared matrix elements, which are
relevant for the heat current. The corresponding power
density is obtained by substituting ΩZC with ΩZE in Eqs.
1 and 2.
The total heat flow by optical phonons is the sum of
these two contributions: Pe−op = P
(ZE)
e−op + P
(ZC)
e−op . Un-
fortunately, we are not aware of microscopic results for
electron-ZE-phonon coupling in BLG. We can, however,
obtain a rough estimate by assuming that the ratio of
matrix elements is similar in BLG as in MLG, in which
case the ZE contribution becomes
P
(ZE)
e−op ≈
ΩZC
ΩZE
× Pe−op|Ω=ΩZE . (3)
At temperatures T = 300 . . . 1000 K, the two contri-
butions are of the same order of magnitude, P (ZE)e−op =
4 . . . 1.5P
(ZC)
e−op .
Finally, the effect of acoustic phonon supercollisions in
BLG can be estimated similarly as derived for MLG in
Ref. 11. Within the quadratic dispersion approximation
S # L W R0 σm/σ0 RC VD µf
S1 0.43 0.51 5.8 kΩ 3.0 100 Ω -0.3V 14000
S2 0.83 3.2 1.5 kΩ 3.6 30 Ω 0.6V 6200
Table I. Parameters for our two bilayer graphene samples de-
noted by S1 and S2. The length and width are given in µm
by L and W , respectively. R0 is the maximum resistance at
the Dirac point which corresponds to minimum conductivity
σm as multiples of σ0 = 4e
2
pih
, while RC is an estimate for the
contact resistance. The last column indicates the field effect
mobility (in cm2/Vs) deduced from the gate sweeps. Sample
S1 is an HF-underetched device on silicon dioxide whereas S2
was fabricated on LOR resist.
and a screened (Thomas-Fermi) BLG electron-phonon in-
teraction model [15], the power density becomes
Pe−ph ≈ 9.62g˜
2ν21
2~(kF `)MLG
k3B(T
3
e − T 3ph) , g˜2 =
D21
4α2 +D
2
2
2ρs2L
,
(4)
for T > TBG. Here, ν1 = γ1/(4pi~2v20) is the density
of states (DOS) per valley per spin in bilayer graphene,
D1 ≈ 20 − 50 eV is the bare deformation potential cou-
pling, D2 = β~v02a ≈ 7 eV the gauge potential cou-
pling [15], sL ≈ 2.1 × 104 m/s the longitudinal acoustic
phonon velocity, and α = e2/(4pi0~v0) ≈ 2. Moreover,
(kF `)MLG = 2~2v20/(u2n0) is a dimensionless measure
of short-range impurity concentration n0 with δ-function
potential of strength u.
Figure 1 summarizes the expected magnitudes of the
different contributions: the optical phonons are expected
to dominate the heat flow at large temperatures. Note
that the bilayer electron–optical phonon coupling is
around two orders of magnitude larger than in MLG near
the Dirac point, when the renormalization of the Fermi
velocity in suspended monolayer [23] is taken into ac-
count.
The studied bilayer samples are listed in Table I: their
length varied over L = 0.4 − 0.8 µm and the width
W = 0.5 − 3.2 µm. The samples studied here are exfo-
liated graphene suspended on SiO2 (S1) and LOR resist
(S2). Leads were patterned using e-beam lithography. Ra-
man spectroscopy was employed to verify that the sample
was a bilayer graphene sheet. Prior to measurements, all
samples were cleaned by current annealing using a cur-
rent of ∼ 1 mA/µm in cryogenic vacuum. The resulting
high-quality samples were nearly neutral, with the charge
neutrality (Dirac) point located at |V Dg | < 0.6 V. The
gate capacitance was determined from the parallel plate
capacitor model: Cg = 5.2 − 4.7 nFcm2 for different sam-
ples. A SEM image of sample S2 is shown in Fig. 2. The
graphene sheet has wavy structure, which indicates pres-
ence of tensile stress at room temperature. Strain may
be the reason why no clear signs of flexural modes [15]
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Figure 2. Scanning electron micrograph of our suspended
graphene sample S2. The metallic leads for contacting
graphene were made of Cr/Au. The inset displays zero-bias
resistance versus Vg for S1.
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Figure 3. a) Differential conductivity σd vs. bias voltage Vb
near the Dirac point at Vg = +0 V for S1 (red, upper) and S2
(green, lower). The theoretical result for bilayer 24 e
2
pih
[24] is
marked by ◦; the experimental result by Mayorov et al. [25]
on suspended bilayer is denoted by ♦.
were observed in the I/V measurements on our bilayer
samples (see Supplementary Material).
The inset in Fig. 2 displays the variation of zero-bias
resistance R0 = dV/dI|V=0 vs. gate voltage Vg over chem-
ical potentials ranging ±12 meV across the Dirac point.
The gate sweep indicates that minimum charge density
is around 1 ·1010 cm−2 in our bilayer samples. The initial
slope of G0(n) = 1/R0 was employed to determine the
field effect mobility which reached µf = 1.4 · 104 cm2/Vs
in sample S1.
Fig. 3 displays differential conductance vs. bias volt-
age for the samples. Initially, there is a strong increase
in conductance w.r.t bias voltage, which has been inter-
preted as a self heating of the bilayer [26]. The increase
is cut off at bias values close to optical phonon energy
[27]. On the other hand, flexural phonons were found to
play a role in a monolayer by facilitating supercollisions
at high bias; their presence was observed in the total re-
sistance as a temperature dependent contribution which
behaved as V/I ∝ T 2 [10]. In the Supplementary ma-
terial we show that the integrated data of Fig. 3 yields
V/I ∝ Te and no indications of flexural modes are ob-
served. The most likely explanation for this is that strain
changes the dispersion relation of flexural modes from
quadratic to linear, making the T 2 component negligi-
ble. The measured minimum conductivity is around 13e
2
pih
and quite close to the results of Mayorov et al. [25] on
similar suspended bilayer samples.
Besides current voltage characteristics, the zero fre-
quency shot noise (600-900MHz) and its first harmonic
was measured to deduce the electronic temperature of
BLG under high bias. The basic argument for shot noise
thermometry are found in Refs. 20 and 28 and its recent
applications in graphene are found in Refs. 7 and 10.
Noise spectral density of a Poissonian process is given
by Sp = 2q〈I〉, where 〈I〉 is the average current. The
Fano factor defines the noise level SI with respect to the
Poissonian noise, F = SI/Sp [29]. In addition to gate
voltage, the Fano factor depends on the bias voltage V
(see the Supplementary Material). When the bias volt-
age is increased, enhanced electron-electron interactions
try to bring the system towards the so called "hot elec-
tron regime" with F =
√
3/4 whereas inelastic scattering
causes tendency towards classical behavior without any
shot noise.
Shot noise thermometry was used to determine the
temperature of electrons in graphene under Joule heat-
ing. The temperature, Te =
Fe|V |
2kB
, is an average over
spatial distribution of temperature which, in the regime
of strong electron-phonon scattering, yields rather accu-
rately the actual electronic temperature in the center of
the sample; the Fano factor for noise thermometry was
adjusted for the contact resistance as in Ref. 10. Our ex-
periments were performed on a pulse-tube-based dilution
refrigerator operated around 0.5 K. For experimental de-
tails, we refer to Refs. 30 and 31.
The Joule heating power to graphene electrons equals
to Pe = V I −RCI2 where RC denotes the effective con-
tact resistance (see Table I). Fig. 4 displays Pe vs. Te
measured up to 109 W/m2. Due to weak e-ph coupling
at low bias, the electronic heat conduction governed by
the Wiedemann-Franz law dominates other thermal pro-
cesses. The power PWF = pi
2
6
k2B
e2
(
T 2e − T 2B
)
is carried to
the leads at temperature TB . On the other hand, at large
bias, e-ph coupling is strong and hence heat transport to
phonons (Pe−ph) dominates. Due to the short length of
the samples investigated here, Pe−ph is seen to dominate
the measured Pe(Te) first above 200−300 K . For acoustic
phonons temperature dependence of ∝ T 2 is expected in
bilayer (δ = 2), but the theoretical estimates (see Fig. 1)
4indicate power flows that are well below the observed lev-
els unless the deformation potential is made exceedingly
large. Above 300 K, the results indicate an onset of addi-
tional relaxation channel which initially leads to steeper
T dependence, but whose growth rate becomes slightly
weaker with growing temperature. This onset behavior is
similar to that calculated for optical phonons in Fig. 1
(see also the fits in Fig. 4). As the data sets coincide at
high temperatures, the coupling we measure is truly an
intrinsic property of bilayer graphene; in the Wiedemann-
Franz regime at low temperatures, the behavior at differ-
ent lengths deviate from each other because of scaling as
1/L2.
In the high-T regime where the phonon scattering dom-
inates the electronic heat diffusion, we find quite weak
dependence of Pe on chemical potential (see Fig. S6 of
the Supplementary Material). In the measured range (-
12 meV < µ < 12 meV), all the variation of the absorbed
heat flux Pe at constant Te can be accounted for by a
change in PWF due to variation of R(Vg). The indepen-
dence of electron–phonon coupling on µ is in agreement
with optical or acoustic phonons in BLG with Tac > TBG
and kBTe >> µ. The observed temperature dependence
of the coupling, however, rules out the latter possibility
as in that regime Pe−op ∝ T 2e − T 2ph [4]. We note that
the weak gate dependence of Pe−ph does not rule out su-
percollisions as they predict µ independent behavior due
to constant density of states in bilayer. The best check
for supercollision scattering is to scrutinize Pe/T 3e , which
shows no plateau and so rules out the supercollision pro-
cesses [7] (see Fig. S5 in the Supplementary material).
Considering only optical phonons, the data in Fig. 4
is compared to the sum PWF + P
(ZC)
e−op + P
(ZE)
e−op , using
parameters specified below Eq. (1). γ′0 is left as a fit pa-
rameter. In our experiments at weak doping, the best fit
is obtained with γ′0 ≈ 37 eV/nm. This is slightly smaller
than the value γ′0 = 42 eV/nm obtained in Ref. 18 and
γ′0 = 47.5 eV/nm found in Ref. 21. Using γ′0 = 42 eV/nm,
our results would imply nearly equal contributions from
ZC and ZE phonons to heat current. Altogether, the opti-
cal phonons together with the Wiedemann-Franz law give
a very good agreement between experiment and theory
as indicated by the fits in Fig. 4 (see also Fig. S5 in the
Supplementary Material).
Compared with monolayer experiments [8, 10], our re-
sults on the electron-phonon coupling are rather close in
magnitude in the degenerate limit (µ > kBT ) at high
bias. At small chemical potentials, the constant density
of states in bilayer implies stronger phonon scattering in
bilayer. According to Ref. 4, optical phonon heat flow is
larger by a factor of three in bilayer than in monolayer,
and this difference grows further with Fermi level renor-
malization near the Dirac point. Furthermore, the rigid-
ity of the bilayer is larger than for monolayer [15] which,
on its part, diminishes the strength of the flexural phonon
supercollisions in bilayer. These issues account for the
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Figure 4. Joule heating in bilayer graphene Pe as a function
electron temperature Te = Fe|V |/2kB near the Dirac point
at n = 1010 1
cm2
. The left (sample S1) and the right (sample
S2) frames represent measured data in circles while the the-
oretical behavior is expressed using dashed black curves; the
blue curves denote the contributions of optical phonons.
fact that only in bilayers we are able to observe intrin-
sic scattering by optical phonons, while flexural-mode-
induced supercollisions appear in suspended monolayers.
In summary, our experiments indicate strong difference
between electron-phonon heat relaxation at high bias in
suspended monolayer and bilayer graphene. Using elec-
trical transport experiments and shot noise thermome-
try, we find that electron-optical phonon scattering dom-
inates in bilayer graphene at electronic temperatures of
300 − 1000 K, induced by bias voltages comparable to
optical phonon energies. The strength of the scattering
follows theoretical expectations with a specific thermal
activation behavior, and indicates the presence of inter-
valley electron scattering by zone edge and zone center
optical phonons. This electron-phonon coupling is found
to be independent of the gate-induced chemical potential
at |µ| < 12 meV, which is in accordance with the theory
for optical phonon scattering.
We acknowledge fruitful discussions with J. Viljas,
T. Heikkilä, and F. Mauri. Our work was supported
by the Academy of Finland (contracts no. 135908 and
250280, LTQ CoE). The research leading to these results
has received funding from the European Union Seventh
Framework Programme under grant agreement no 604391
Graphene Flagship, and the work benefitted from the use
of the Aalto University Low Temperature Laboratory in-
frastructure. MO is grateful to Väisälä Foundation of the
Finnish Academy of Science and Letters for a scholarship.
5[1] S. S. Kubakaddi, Phys. Rev. B 79, 075417 (2009).
[2] W.-K. Tse and S. Das Sarma, Phys. Rev. B 79, 235406
(2009).
[3] R. Bistritzer and A. H. MacDonald, Phys. Rev. Lett. 102,
206410 (2009).
[4] J. K. Viljas and T. T. Heikkilä, Phys. Rev. B 81, 245404
(2010).
[5] H. Suzuura and T. Ando, Phys. Rev. B 65, 235412
(2002).
[6] M. I. Katsnelson, Graphene: Carbon in Two Dimensions,
1st ed. (Cambridge University Press, 2012).
[7] A. C. Betz, S. H. Jhang, E. Pallecchi, R. Ferreira,
G. Fève, J.-M. Berroir, and B. Plaçais, Nat. Phys. 9,
109 (2012).
[8] A. C. Betz, F. Vialla, D. Brunel, C. Voisin, M. Picher,
A. Cavanna, A. Madouri, G. Fève, J.-M. Berroir,
B. Plaçais, and E. Pallecchi, Phys. Rev. Lett. 109,
056805 (2012).
[9] J. Yan, M.-H. Kim, J. A. Elle, A. B. Sushkov, G. S. Jenk-
ins, H. M. Milchberg, M. S. Fuhrer, and H. D. Drew, Nat.
Nanotech. 7, 472 (2012).
[10] A. Laitinen, M. Oksanen, A. Fay, D. Cox, M. Tomi,
P. Virtanen, and P. Hakonen, Nano Lett. 14, 3009
(2014).
[11] J. C. W. Song, M. Y. Reizer, and L. S. Levitov, Phys.
Rev. Lett. 109, 106602 (2012).
[12] E. McCann and V. I. Fal’ko, Phys. Rev. Lett. 96, 086805
(2006).
[13] A. Misu, E. E. Mendez, and M. S. Dresselhaus, J. Phys.
Soc. Japan 47, 199 (1979).
[14] V. N. Kotov, B. Uchoa, V. M. Pereira, F. Guinea, and
A. H. Castro Neto, Rev. Mod. Phys. 84, 1067 (2012).
[15] H. Ochoa, E. V. Castro, M. I. Katsnelson, and F. Guinea,
Phys. Rev. B 83, 235416 (2011).
[16] F. Giazotto, T. T. Heikkilä, A. Luukanen, A. M. Savin,
and J. P. Pekola, Rev. Mod. Phys. 78, 217 (2006).
[17] X. Song, M. Oksanen, J. Li, P. J. Hakonen, and M. A.
Sillanpää, Phys. Rev. Lett. 113, 027404 (2014).
[18] J. Yan, Y. Zhang, P. Kim, and A. Pinczuk, Phys. Rev.
Lett. 98, 166802 (2007).
[19] N. Bonini, M. Lazzeri, N. Marzari, and F. Mauri, Phys.
Rev. Lett. 99, 176802 (2007).
[20] F. Wu, P. Virtanen, S. Andresen, B. Plaçais, and P. J.
Hakonen, Appl. Phys. Lett. 97, 262115 (2010).
[21] C.-H. Park, N. Bonini, T. Sohier, G. Samsonidze,
B. Kozinsky, M. Calandra, F. Mauri, and N. Marzari,
Nano Lett. 14, 1113 (2014).
[22] T. Fang, A. Konar, H. Xing, and D. Jena, Phys. Rev. B
84, 125450 (2011).
[23] D. C. Elias, R. V. Gorbachev, A. S. Mayorov, S. V. Mo-
rozov, A. A. Zhukov, P. Blake, L. A. Ponomarenko, I. V.
Grigorieva, K. S. Novoselov, F. Guinea, and A. K. Geim,
Nat. Phys. 7, 701 (2011).
[24] J. Cserti, A. Csordás, and G. Dávid, Phys. Rev. Lett.
99, 066802 (2007).
[25] A. S. Mayorov, D. C. Elias, M. Mucha-Kruczynski, R. V.
Gorbachev, T. Tudorovskiy, A. Zhukov, S. V. Morozov,
M. I. Katsnelson, V. I. Fal’ko, A. K. Geim, and K. S.
Novoselov, Science 333, 860 (2011).
[26] J. K. Viljas, A. Fay, M. Wiesner, and P. J. Hakonen,
Phys. Rev. B 83, 205421 (2011).
[27] A. Fay, R. Danneau, J. K. Viljas, F. Wu, M. Y. Tomi,
J. Wengler, M. Wiesner, and P. J. Hakonen, Phys. Rev.
B 84, 245427 (2011).
[28] D. F. Santavicca, J. D. Chudow, D. E. Prober, M. S.
Purewal, and P. Kim, Nano Lett. 10, 4538 (2010).
[29] Y. M. Blanter and M. Büttiker, Phys. Rep. 336, 1 (2000).
[30] R. Danneau, F. Wu, M. F. Craciun, S. Russo, M. Y. Tomi,
J. Salmilehto, A. F. Morpurgo, and P. J. Hakonen, J.
Low Temp. Phys. 153, 374 (2008).
[31] M. Oksanen, A. Uppstu, A. Laitinen, D. J. Cox, M. F.
Craciun, S. Russo, A. Harju, and P. Hakonen, Phys. Rev.
B 89, 121414 (2014).
[32] K. I. Bolotin, K. J. Sikes, J. Hone, H. L. Stormer, and
P. Kim, Phys. Rev. Lett. 101, 096802 (2008).
[33] N. Tombros, A. Veligura, J. Junesch, J. Jasper van den
Berg, P. J. Zomer, M. Wojtaszek, I. J. Vera Marun, H. T.
Jonkman, and B. J. van Wees, J. Appl. Phys. 109,
093702 (2011).
[34] A. H. Steinbach, J. M. Martinis, and M. H. Devoret,
Phys. Rev. Lett. 76, 3806 (1996).
[35] K. E. Nagaev, Phys. Rev. B 52, 4740 (1995).
[36] J. Sarkar, Phys. Rev. Lett. submitted (2014).
[37] C.-H. Park, F. Giustino, M. L. Cohen, and S. G. Louie,
Nano Lett. 8, 4229 (2008).
[38] E. Hwang and S. Das Sarma, Phys. Rev. B 77, 115449
(2008).
[39] F. V. Tikhonenko, D. W. Horsell, R. V. Gorbachev, and
A. K. Savchenko, Phys. Rev. Lett. 100, 056802 (2008).
[40] J. Tworzydło, C. W. Groth, and C. W. J. Beenakker,
Phys. Rev. B 78, 235438 (2008).
[41] G. Borghi, M. Polini, R. Asgari, and A. H. MacDonald,
Solid State Commun. 149, 1117 (2009).
SUPPLEMENT
SAMPLE FABRICATION AND
CHARACTERIZATION
Initially, we employed HF-etching in order to make
graphene suspended [32], but later we switched to the
technique introduced in Ref. 33, the LOR-technique.
This technique was selected over the conventional HF-
technique, because of the lower parasitic pad capacitance
that can be achieved, which is important for our mi-
crowave measurements. The lower parasitic capacitance
is due to longer distance between the graphene circuit
and the strongly doped Si++ back gate.
Compared to a Raman spectrum of a sample directly
on SiO2 with the standard D, G and 2D peaks, there are
some additional features in a spectrum of a sample on
LOR. Near 1600 1/cm, where one expects to see G-peak
characteristic for carbon and 1350 1/cm D-peak associ-
ated with defects, there are a few other peaks. Origin
of these peaks is unclear, but since the sample perfor-
mance with these LOR-samples has been good compared
to HF-etched samples, it can be assumed that the peaks
originate from the LOR-layer. Additionally, the D-peak
is virtually nonexistent which implies very few defects in
the graphene, as verified by the high mobility of the sam-
6Figure 5. 2D peak in a Raman spectrum of a suspended sam-
ple fabricated with the LOR-method. The red trace displays
a sum of four fitted Lorentzian indicated in green.
ples. Around 2600 1/cm, where one observes the 2D peak
used to determine the number of layers, there are no ex-
cess peaks visible. However, the measured widths of the
2D-peaks for samples on LOR tend to be slightly larger
than expected (i.e. in comparison with the samples on
SiO2). Fig. S1 displays the 2D peak of a bilayer sample
suspended using the LOR technique.
NOISE
Shot noise SI measured up to high bias is illustrated
in terms of the Fano factor in Fig. 6. The Fano factor
is determined for excess noise: F = (SI(I)− SI(0)) /2eI,
where SI(I) and SI(0) denote the current noise power
spectrum at current I and at I = 0, respectively. Near
the Dirac point, there is a slight initial increase of F
in sample S1, which reflects tendency towards the hot
electron regime as the effective strength of the electron-
electron interaction becomes enhanced with growing bias
[34–36]. On the other hand, the Fano factor of sample
S2 indicates an immediate decrease with bias, which is a
sign of inelastic processes entering already at low ener-
gies, for example due to sliding modes in bilayer graphene
[37]; this inelastic scattering is observed even in the dif-
ferential conductance of sample S2 in Fig. 3 of the main
paper where the linear increase with bias voltage is cut
off earlier than in sample S1. Pretty smooth, symmetric
decrease in F is observed with the bias voltage over the
full range of bias conditions; moreover, no difference in
F at equal hole and electron density was found so that
there is no difference in e-ph coupling for the electron
and hole transport regimes.
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Figure 6. Excess Fano factor F vs. bias voltage V near the
charge neutrality point at charge density n ' 1.0 · 1010 cm−2.
The red curve represents sample S1 and the green one corre-
sponds to sample S2.
DETAILS OF THE ELECTRICAL
CHARACTERISTICS
In our experiments, we measured the electrical charac-
teristics of the samples both at DC and at low-frequency
AC (dynamic resistance Rd = dV/dI). IV-curves of S1
measured at the charge density n = 1.0 · 1010 cm−2 and
n = 2.8 ·1011 cm−2 are illustrated in Fig. 7. The IV-curve
displays a clear decrease in R = (V/I)W/L with grow-
ing bias voltage V around the Dirac point. The differen-
tial resistance Rd = dV/dI, measured by lock-in meth-
ods, corresponds to the inverse slope of the IV-curve. The
Rd(V ) measurements were employed to determine the
coupling strength of the current noise from the sample
to the preamplifier at microwave frequencies. The behav-
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Figure 7. Current I vs. bias voltage V around the Dirac point
at charge density n = 1.0 · 1010 cm−2 (red) and n = 2.8 · 1011
cm−2 (blue) for sample S1.
ior of R as a function of shot noise temperature Te is
illustrated in Fig. 8 at the same charge densities as the IV
curves in Fig. 7. The temperature dependence of R is
well fit at Te . 100 K using C log(Te) where the prefactor
7C ' 390− 890 Ω. When the fitted C log(Te) part is sub-
tracted off from R, we obtain for the difference ∆R an
almost linear dependence on Te. This behavior suggests
that the scattering rate by optical phonons grows nearly
linearly above 300−400 K, which is in agreement with re-
cent single layer calculations of Ref. 21 without electron-
electron interaction effects and with the non-suspended
bilayer analysis of Ref. 27.
Note that linear R(T ) is predicted for in-plane acous-
tic phonons (see e.g. Ref. 38) but these cannot be the
dominant processes because of the results on the elec-
tron phonon coupling. The log(Te) dependence may be
due to very robust weak localization effects [39] or it may
be a signature of increased effective disorder[40]; the dis-
order may cause logarithmic increase in conductance as
a function of (disorder length scale)−1 .
ANALYSIS OF THE POWER LAWS
In order to support the conclusion of electron - opti-
cal phonon scattering, let us plot the data of Fig. 4 in
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Figure 8. a) Total sheet resistance R = (V/I)W/L as a func-
tion of the logarithm of the electronic temperature deduced
from the Fano factor using Te = Fe|V |/2kB (at 1.0 · 1010
cm−2 and at |n| = 2.8 · 1011 cm−2) for sample S1. The
green lines indicate logarithmic temperature dependence at
low temperature. b) Deviation from the logarithmic behavior
R − C log(Te) for the two data sets in the upper frame.
the main paper in a slightly different form. For acoustic
phonons or supercollision processes, the heat flow from
electrons to the phonons would be approximately charac-
terized by the power law P ∝ T δe (here we have dropped
the small phonon temperature term T δph) where δ would
be 2 or 3, respectively. The law with δ = 2 can be ruled
out immediately without any doubt. For the supercolli-
sion case with δ = 3, we compare our results with the
theory by replotting our data in the same way as in
the experimental works on supercollisions in graphene
[7, 8, 10]: Fig. 9 displays the original data of Fig. 4 in the
main paper by normalizing the power flow Pe with T 3e .
No clear saturation is observed to signify δ = 3 behavior.
As a reference we have plotted the behavior for electron -
optical phonon scattering, which reproduces the asymp-
totic features of the data. Clearly, the shape of the curve
follows the thermally activated optical phonon tendency
which is characteristic to the formation of modes with
well defined energy.
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Figure 9. Measured heat flow from electrons to phonons (data
S1 from Fig. 4 in the main text) normalized by T 3e and dis-
played as a function of Te. The dashed curve illustrates the
theoretical curve from Fig. 4 (left frame) of the main pa-
per. The blue curve denotes the heat flow due to the optical
phonon scattering alone, while the dashed curve contains ad-
ditionally the electronic heat conduction.
The dependence of the electron phonon coupling on
the chemical potential is illustrated in Fig. 10 for sam-
ple S1. We find a weak variation with chemical potential
which we assign to the variation in electrical resistance of
the sample. The dashed curve in Fig. 10 displays the sum
of the theoretical electron phonon coupling and the elec-
tronic part for heat conduction which was obtained from
the measured electrical resistance R(Vg), symmetrized at
high bias, and the Wiedemann-Franz law. The slightly
stronger measured variation compared with the theoret-
ical curve might be an indication of mass renormaliza-
tion due to interactions [41] although these effects are
expected to be small.
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Figure 10. Chemical potential dependence of the measured
heat flow from electrons to phonons at Te = 600 K for sample
S1. The dashed line indicates the theoretical variation ob-
tained using the change in the electronic heat conduction on
top of the optical-phonon-facilitated heat flow which is de-
noted by the blue curve [3, 4].
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